Introduction
============

Cystic fibrosis (CF) is an autosomal recessive genetic disorder caused by mutations of the gene that encodes the cystic fibrosis transmembrane conductance regulator (CFTR) protein ([@b1-mmr-16-06-8849]). This protein is a chloride (or bicarbonate)-conducting anion channel expressed on the membrane of epithelial cells of the lung, intestines and pancreas, which modulates electrolytic exchange. Therefore, mutations in CFTR, leading to altered ion transport, induce a progressive deterioration of the target organs and, consequently, premature mortality of patients ([@b2-mmr-16-06-8849]). CFTR mutations may induce alterations in maturation, subcellular localization (trafficking) and activity (gating) of the CFTR protein ([@b3-mmr-16-06-8849],[@b4-mmr-16-06-8849]). The predominant CFTR mutation is termed Phe508del (F508del), and results in severely impaired protein maturation with a consequent alteration of CFTR membrane translocation ([@b5-mmr-16-06-8849],[@b6-mmr-16-06-8849]). However, in the case that the F508del-CFTR is able to reach the plasma membrane, it exhibits reduced activity and stability in the membrane, in addition to a greater tendency towards degradation by the ubiquitin/proteasome system ([@b7-mmr-16-06-8849],[@b8-mmr-16-06-8849]).

Research has primarily focused on the identification and development of modulators that are able to resolve gating and trafficking problems ([@b9-mmr-16-06-8849]). The 'corrector' acts on trafficking and promotes CFTR membrane localization ([@b10-mmr-16-06-8849],[@b11-mmr-16-06-8849]) while the 'potentiator' acts on gating and leads to an increase in CFTR activity ([@b12-mmr-16-06-8849]). Therefore, any therapy should be designed by choosing the most appropriate modulator which is able to target the specific mutation. However, in patients with F508del-CFTR, it has been demonstrated that treatment with a potentiator is ineffective, since it is unable to induce CFTR maturation and membrane translocation. Therefore, in these patients, the co-administration of a corrector and a potentiator is necessary to allow for the almost complete repair of CFTR trafficking and gating ([@b13-mmr-16-06-8849]).

At present, there are two molecules which are frequently used: The potentiator VX770 (ivacaftor) and the corrector VX809 (lumacaftor). Recently, the use of Orkambi^®^, which is a combination of VX770 and VX809, was approved ([@b3-mmr-16-06-8849]). However, though an improvement in the quality of life of patients treated with the Orkambi was observed, the drug induced a modest improvement in lung function ([@b14-mmr-16-06-8849]). This limited effect may be due to an inhibitory action exerted by VX770 on VX809 ([@b15-mmr-16-06-8849]). In order to overcome this problem, research is focusing on the analysis of natural molecules that may resolve the problem at its origin; among them, matrine, an alkaloid extracted from roots of *Sophora flavescens*, appears to provide promising results. In particular, matrine, by interacting with the heat shock cognate (HSC)/heat shock 70 kDa protein 1A (HSP70) chaperone system, led to an increase in F508del-CFTR membrane localization ([@b16-mmr-16-06-8849]), and the corrector activity of matrine was observed at high doses (0.4--0.8 mM) which may be toxic for long-term treatment of patients with CF.

The aim of the present study was to investigate whether lower concentrations (30 µM) of matrine (PubChem CID: 91466) may be able to render more effective the action of the known corrector VX809 (PubChem CID: 16678941) and the potentiator VX770 (PubChem CID: 16220172), in addition to that of two dihydropyridines, FD-1 (F508~act~-05) ([@b17-mmr-16-06-8849]) and FD-2, the latter being a newly-synthesized compound. The use of dihydropyridines may be advantageous, since these molecules were established as potentiators with notable activity, simple synthesis and a low production cost, by Pedemonte *et al* ([@b18-mmr-16-06-8849]), Cateni *et al* ([@b19-mmr-16-06-8849]) and Giampieri *et al* ([@b20-mmr-16-06-8849]). Due to the cited interference between VX770 and VX809, it was deemed noteworthy to investigate the behavior of this class of potentiators, coupled with the corrector VX809. Therefore, FD-1, a compound with a moderate level of activity against FD-2, was selected. A previous study on asymmetrical dihydropyridines demonstrated the ability of the benzyl group to maximize potentiator activity ([@b20-mmr-16-06-8849]), which provided the basis for the analysis of a newly-synthesized dihydropyridine (FD-2) bearing two benzyl groups at the ester level.

Materials and methods
=====================

### Cell culture and treatments

Fischer rat thyroid (FRT) cells, stably transfected with F508del-CFTR and yellow fluorescent protein (YFP), were provided by Dr L.J. Galietta (G. Gaslini Institute, Genoa, Italy). The co-expressed YFP acts as a halide sensitive dye that may be utilized to measure the anion permeability of CFTR ([@b18-mmr-16-06-8849],[@b21-mmr-16-06-8849]). Cells were cultured in Coon\'s modified F-12 medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 5% fetal bovine serum (EuroClone SpA, Pero, Italy), 2 mM glutamine (EuroClone SpA), 1% penicillin/streptomycin (EuroClone SpA), 0.8 mg/ml zeocin (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1.5 mg/ml G418 (Sigma-Aldrich; Merck KGaA). Cells were plated (1×10^5^ cells/well) into 96-well microplates and treated with matrine (30 µM; Sigma-Aldrich; Merck KGaA) for 24, 48 and 72 h. In a series of experiments, cells were co-treated for 24, 48 or 72 h with 2 µM VX809 (Selleck Chemicals, Houston, TX, USA) and/or with one of three potentiators: 10 µM VX770 (Selleck Chemicals), 10 µM FD-1 and 10 µM FD-2 (both synthesized in the Department of Pharmacy, University of Genoa, Genoa, Italy).

The stock solutions of all tested compounds were prepared in dimethyl sulfoxide (DMSO) and pilot studies demonstrated that the final DMSO concentration did not alter any of the cellular responses analyzed. In addition, under all conditions, the data obtained in treated cells was compared to DMSO-treated cells (Ctr). The pilot study was performed by treating cells with the highest dose of DMSO used to dissolve all tested compounds for 24, 48 and 72 h. Then, cell viability was evaluated by MTT assay.

FD-2 was synthesized following the procedure described in Cateni *et al* ([@b19-mmr-16-06-8849]). Benzyl acetoacetate, 4-isopropylbenzaldehyde and ammonia were dissolved in isopropanol and refluxed for 4 h. Subsequently, the crude product was subjected to chromatography on a silica gel (n-hexane/diethylether) and the residue was crystallized from cyclohexane. Yield, 25%; melting point 107--109°C. ^1^H-nuclear magnetic resonance (CDCl~3~): δ1.22--1.27 \[m, 6H, CH (CH~3~)~2~\]; 2.34 (s, 6H, CH~3~); 2.80 \[m, 1H, CH (CH~3~)~2~\]; 5.09--5.13 (m, 5H, 2CH~2~ + H-4); 5.78 (br s, 1H, NH); and 7.04--7.32 (m, 14H Ar). Infrared (KBr): 3439 (NH); and 1691 (CO) cm^−1^. Combustion elemental analysis calculated for C~32~H~33~NO~4~: C 77.55, H 6.71, N 2.83; observed: C 77.57, H 6.40, N 2.97 ([Fig. 1](#f1-mmr-16-06-8849){ref-type="fig"}).

### MTT assay

Cell viability was determined using MTT (Sigma-Aldrich; Merck KGaA) staining ([@b22-mmr-16-06-8849],[@b23-mmr-16-06-8849]). Cells were seeded into 96-well microplates (Corning Incorporated, Corning, NY, USA) at a density of 1×10^5^ cells/well and treated as described above. Subsequently, the cells were incubated with 0.5 mg/ml MTT for 3 h at 37°C. Following incubation, the supernatant was discarded, the insoluble formazan precipitates were dissolved in HCl (0.1 M in isopropanol) and the absorbance at 570/630 nm was recorded using a microplate reader (EL-808; BioTek Instruments Inc., Winooski, VT, USA).

### Fluorescence assay

CFTR activity was determined using a fluorescence assay ([@b18-mmr-16-06-8849],[@b21-mmr-16-06-8849],[@b24-mmr-16-06-8849]). Cells were plated (100,000 cells/well) into black 96-well microplates with clear plastic bottoms (Corning Incorporated). Following treatment as described above, cells were washed with PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na~2~HPO~4~, 1.5 mM KH~2~PO~4~, 1 mM CaCl~2~ and 0.5 mM MgCl~2~; pH 7.4) and stimulated for 20 min with 20 µM forskolin. Microplates were subsequently transferred to a microplate reader (TECAN Infinite^®^ F200 PRO; Tecan Group, Ltd., Männedorf, Switzerland) equipped with excitation (485±20 nm) and emission (535±25 nm) filters. Each assay consisted of a continuous 14 sec fluorescence reading with 2 sec prior to and 12 sec following the injection of 165 µl iodide-containing PBS (PBS with Cl^−^ replaced with I^−^). The I^−^ influx rate was evaluated by calculating the variation of fluorescence intensity prior to and following the I^−^ injection.

### Data analysis

Results are expressed as the mean ± standard error of the mean from at least three independent experiments. The statistical significance of any parametric differences among the sets of experimental data was evaluated using one-way analysis of variance and Dunnett\'s test for multiple comparisons. GraphPad Prism software (version 4; GraphPad Software, Inc., La Jolla, CA, USA) was used for analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Treatment with matrine, VX809 or potentiators (VX770, FD-1 and FD-2), alone or in combination, does not affect the via-bility of F508del-CFTR FRT cells

F508del-CFTR FRT cells were exposed for 24, 48 and 72 h to matrine, VX809, VX770, FD-1 and FD-2, alone or in combination, and MTT analysis revealed that none of the treatments was cytotoxic ([Fig. 2](#f2-mmr-16-06-8849){ref-type="fig"}).

### Treatment with matrine alone, and in combination with VX809 plus VX770, is able to stimulate CFTR activity

As exhibited in [Fig. 3A](#f3-mmr-16-06-8849){ref-type="fig"}, matrine alone stimulated the activity of mutant CFTR by 53% compared with untreated cells, which was a similar result to that observed when the cells were treated with the other compounds individually. In addition, a 24-h VX809/VX770 co-treatment stimulated the effect of VX809 on CFTR activity by 30% ([Fig. 3A](#f3-mmr-16-06-8849){ref-type="fig"}).

In order to evaluate whether matrine was able to increase the VX809-induced CFTR activity, other experiments were performed by treating the cells for 24 h with a combination of matrine, VX809 and/or potentiators. As illustrated in [Fig. 3B](#f3-mmr-16-06-8849){ref-type="fig"}, all the combinations tested were able to stimulate CFTR activity by 80--100% compared with control cells. In addition, the presence of matrine further stimulated the effect of the VX809/VX770 combination on CFTR activity by 16%.

### Matrine co-treatment increases the effect of VX809 in combination with VX770

Following 48 h of treatment, the VX809/VX770 combination stimulated the activity of mutant CFTR by 120% compared with control cells, and the co-administration of matrine further increased CFTR activity by 25% ([Fig. 4](#f4-mmr-16-06-8849){ref-type="fig"}). Notably, the co-treatment of FD-1 with matrine/VX809 had a similar effect to that observed in VX809/VX770-treated cells ([Fig. 4](#f4-mmr-16-06-8849){ref-type="fig"}). FD-2, in combination with matrine/VX809, stimulated the activity of mutant CFTR with a similar efficiency to matrine/VX770/VX809 ([Fig. 4](#f4-mmr-16-06-8849){ref-type="fig"}).

### Matrine-FD-2 co-treatment markedly increases the effect of VX809

Following 72 h of treatment, the combination of matrine with FD-2 and VX809 stimulated mutant CFTR activity by 450% compared with control cells ([Fig. 5](#f5-mmr-16-06-8849){ref-type="fig"}). Notably, when VX770 was administered in place of FD-2, the rate of mutant CFTR activity was increased only by 165% compared with that observed in untreated cells ([Fig. 5](#f5-mmr-16-06-8849){ref-type="fig"}). However, it is necessary to note that, as already observed at 48 h, the VX809/VX770 combination stimulated the activity of mutant CFTR by 130% ([Fig. 5](#f5-mmr-16-06-8849){ref-type="fig"}) and the co-administration of matrine further increased CFTR activity by 15% ([Fig. 5](#f5-mmr-16-06-8849){ref-type="fig"}).

In addition, the effect of FD-1 co-treatment with matrine and VX-809 produced similar effects to those observed in cells co-treated with VX770 instead of FD-1 ([Fig. 5](#f5-mmr-16-06-8849){ref-type="fig"}).

Discussion
==========

CF is the most common autosomal recessive disease with a fatal outcome ([@b8-mmr-16-06-8849]). The disease is characterized by alterations in the maturation and function of CFTR, a channel protein responsible for anion transport, particularly chloride ions. To date, \>2,000 CFTR mutations have been identified, and it has been observed that consequent electrolyte imbalances lead to a progressive loss of function of a number of organs, resulting in the mortality ([@b25-mmr-16-06-8849]). Considering the high incidence of this disease, it has become necessary to identify novel therapies and to improve the effectiveness of existing treatments. The current therapeutic approaches are primarily based on the use of antibiotics, pancreatic enzymes, anti-inflammatory drugs and mucolytics which, while improving the symptoms, do not alter the outcome of the pathology.

However, novel pharmacotherapeutic approaches are based on the use of correctors and/or potentiators. Among the known correctors, VX809 (lumacaftor) is presently used to treat patients with the F508del-CFTR mutation (a class II mutation) in which there is an alteration in CFTR trafficking ([@b10-mmr-16-06-8849]), and acts by inducing CFTR protein maturation in the endoplasmic reticulum/Golgi apparatus and by increasing CFTR translocation to the cell membrane. Potentiators are able to counteract gating defects due to mutations, including G551D (a class III mutation). The F508del-CFTR protein, though able to translocate to the plasma membrane, is not functionally active ([@b12-mmr-16-06-8849]), while VX770 (ivacaftor), acting as a potentiator, is able to stimulate the activity of the mutant CFTR when the mutation is class III.

In order to improve the efficacy of the therapy, a novel approach is to combine a corrector with a potentiator, and, among the new drugs, Orkambi (which consists of the combination of VX809 that facilitates F508del-CFTR maturation, and VX770 which improves its function) was the first approved therapy to treat homozygous patients for the F508del-CFTR mutation ([@b26-mmr-16-06-8849]). In these patients, the use of a potentiator alone is ineffective as it does not stimulate CFTR trafficking, only stimulating the activity of the CFTR present in the cell membrane. However, a previous study has demonstrated that this combined approach reduces the efficacy of VX809 ([@b15-mmr-16-06-8849]). These previous results are in line with a recent study reporting that, although Orkambi induces an improvement in symptomatology, long-term treatment leads to a progressive reduction of its pharmacological efficacy, attributed to the VX770-mediated destabilization of VX809-rescued F508del-CFTR ([@b15-mmr-16-06-8849]). In order to reduce this inhibitory effect, other molecules with a different mechanism of action compared with that of currently-used drugs are being evaluated.

Matrine, a natural molecule used in traditional Chinese medicine, may be effective in reducing the aforementioned inhibitory effect. Matrine, interacting with the HSC/HSP70 chaperone system, downregulates the expression of HSC70 and increases the protein levels of F508del-CFTR ([@b16-mmr-16-06-8849]). Therefore, the results of the present study are promising. Matrine was able to stimulate CFTR activity, further increase the functionality of the channel in the presence of VX809 and moderately affect the action of VX77/VX809. In particular, this action of matrine was observed at 72 h and may be due to the fact that this compound requires time to stimulate CFTR activity. The inhibitory effect of VX770 on VX809, not detectable at 24 h, was evident at 48 h and at 72 h. In addition, the results of the present study suggested that matrine may partially counteract the inhibitory effect of VX770 on VX809 under all the time conditions assayed.

Previous research has led to the development and study of novel potentiators and, among those tested, the results of the present study demonstrated that FD-2, in the presence of matrine, was able to markedly increase the CFTR activity induced by VX809. This effect was time-dependent and was particularly evident at 72 h. The different degrees of action of matrine on VX770/VX809 and FD2/VX809 is likely to be due to the different mechanisms of action of the two potentiators. This hypothesis will be matter of investigation in our future studies.

In conclusion, the results of the present study proposed FD-2 to be a novel and possibly more efficacious potentiator, compared with VX770. Although it is necessary to perform these treatments on other cellular models and to also validate these data in *in vivo* systems, the present results may be useful in proposing novel and more effective therapeutic approaches in CF.
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![Structure of the FD-2 compound.](MMR-16-06-8849-g00){#f1-mmr-16-06-8849}

![Matrine, VX809 or potentiators (VX770, FD-1 and FD-2), alone or in combination, do not affect the viability of F508del-CFTR FRT cells. Cell viability was evaluated in F508del-CFTR FRT cells treated with matrine (30 µM) and VX809 (2 µM) and/or potentiators (VX770, FD-1 and FD-2; 10 µM) for (A) 24 h, (B) 48 h or (C) 72 h. The histogram summarizes quantitative data of the mean ± standard error of the mean of three independent experiments. FRT, Fischer rat thyroid; CFTR, cystic fibrosis transmembrane conductance regulator.](MMR-16-06-8849-g01){#f2-mmr-16-06-8849}

![Matrine is able to stimulate CFTR activity, and treatment with VX809 and/or potentiators (VX770, FD-1 and FD-2) maintains its effect on CFTR activity. The activity of CFTR was analyzed in F508del-CFTR FRT cells treated for 24 h with matrine (30 µM), VX809 (2 µM), VX770 (10 µM), FD-2 (10 µM) and FD-1 (10 µM), (A) alone or (B) in combination. Results are reported as the variation of fluorescence (fluorescence intensity prior to and following I^−^ injection). The histogram summarizes quantitative data of the mean ± standard error of the mean of three independent experiments. \*\*P\<0.01 vs. Ctr cells. FRT, Fischer rat thyroid; CFTR, cystic fibrosis transmembrane conductance regulator; Ctr, control.](MMR-16-06-8849-g02){#f3-mmr-16-06-8849}

![Matrine co-treatment for 48 h increases the stimulating effect of VX809 on CFTR activity. The activity of CFTR was analyzed in F508del-CFTR FRT cells treated with matrine (30 µM) and VX809 (2 µM) and/or potentiators (VX770, FD-1 and FD-2; 10 µM) for 48 h. Results are reported as the variation of fluorescence (fluorescence intensity prior to and following I^−^ injection). The histogram summarizes quantitative data of the mean ± standard error of the mean of three independent experiments. \*\*P\<0.01 vs. Ctr cells. FRT, Fischer rat thyroid; CFTR, cystic fibrosis transmembrane conductance regulator; Ctr, control.](MMR-16-06-8849-g03){#f4-mmr-16-06-8849}

![Combined treatment with matrine and FD-2 for 72 h increases the action of VX809 on CFTR activity. The activity of CFTR was analyzed in F508del-CFTR FRT cells treated with matrine (30 µM) and VX809 (2 µM) and/or potentiators (VX770, FD-1 and FD-2; 10 µM) for 72 h. Results are reported as the variation of fluorescence (fluorescence intensity prior to and following I^−^ injection). The histogram summarizes quantitative data of the mean ± standard error of the mean of three independent experiments. \*\*P\<0.01 vs. Ctr cells. FRT, Fischer rat thyroid; CFTR, cystic fibrosis transmembrane conductance regulator; Ctr, control.](MMR-16-06-8849-g04){#f5-mmr-16-06-8849}
